Low molecular mass (MM) chitosan with high degree of deacetylation (DDA) has excellent bioactivity including antioxidant, antibacterial and encapsulation properties. In this work, to reduce the MM of chitosan, microwave-assisted heating treatment (MAHT) conditions were investigated using three factors at three levels Box-Behnken design (BBD). Microwave heating (MH) time, H 2 O 2 concentration and solid-toliquid ratio significantly affected the DDA and MM of chitosan. The antibacterial activities of chitosan before and after degradation were investigated based on minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). The results showed that a second-order polynomial equation fitted the observed values using multiple regression analysis and had a high coefficient of determination (R 2 = 0.9591 and 0.9161 for the DDA and MM of chitosan, respectively). An optimisation study was performed using Derringer's desirability function methodology, and the optimal conditions were 80-s MH time, 1.5% H 2 O 2 concentration and 1:40 solid-to-liquid ratio. The MIC and MBC of chitosan before and after degradation against Escherichia coli and Salmonella typhimurium were 0.031 and 0.063 mg mL À1 , and 0.25 and 0.125 mg mL À1 , respectively. The optimised DDA and MM of chitosan were 90.58 AE 2.04% and 124.25 AE 14.36 kDa, respectively, which significantly reduces the use of oxidant reagent.
Introduction
Chitosan is obtained by the deacetylation of chitin (Younes & Rinaudo, 2015) and has been applied in many fields including food, medicine, materials and environment and other fields because of its many excellent properties such as biocompatibility, biodegradability, bioactivity and nontoxicity (Ede Britto & de Assis, 2007; O'Callaghan & Kerry, 2016) . However, high molecular mass (MM) chitosan results in low biological activity and poor solubility in most solvents, which greatly limits its wide application (O'Callaghan & Kerry, 2016) . The biological activities of chitosan, including anticancer, antimicrobial and scavenging reactive oxygen species, were influenced by the degree of deacetylation (DDA) and MM of chitosan (Czechwska-Biskup et al., 2012; Pastor et al., 2013) . To improve its solubility and biological properties, several methods including chemical (oxidative and acidic degradation) (Tsao et al., 2011; Prajapat & Gogate, 2016a) , physical (irradiation treatment) (Yue et al., 2009; Fiamingo et al., 2016; Prajapat & Gogate, 2016b) and enzymatic treatment (Mengibar et al., 2011) were employed to prepare low MM of chitosan with high DDA without altering its chemical structure. The physical methods used alone had many drawbacks such as an expensive apparatus, irregular degradation rate and long reaction time. Moreover, high cost of the enzyme limits their commercial application (Mengibar et al., 2011) . Therefore, it is necessary to investigate the efficient and effective methods of improving degradation rate of chitosan.
The low MM chitosan can be obtained by oxidative degradation with oxidants including O 3 , NaNO 2 and H 2 O 2 (Tsao et al., 2011) . In recent decades, oxidative degradation with H 2 O 2 has been studied (Qin et al., 2002) . The degradation mechanism of chitosan using H 2 O 2 is based on the formation of free radicals, which can destroy the b-D-(1?4)-glucosidic linkages of chitosan, but the yield of hydroxyl radicals is rather low when hydrogen peroxide is used alone. In recent years, microwave heating (MH) has attracted more interest because it can greatly shorten reaction time, enhance product yields and reduce the use of oxidative reagents compared to conventional treatment methods (dos Santos et al., 2015) . Most importantly, it can homogeneously transfer heat within the sample matrix at a molecular level through the motion of molecules (Prajapat & Gogate, 2015) . Thermal effects of microwave use are a consequence of the inverted heat transfer, the inhomogeneous microwave field within the sample and the selective absorption of the radiation by polar substances (Wasikiewicz & Yeates, 2013) . The mechanisms of improving chemical reactions using MH treatment are thought to be a combination of thermal effects and nonthermal effects. Accordingly, it has been suggested that the combined methods are more effective than the individual methods for effective degradation of chitosan (Tishchenko et al., 2011) , so the attempt to acquire novel effective methods is still a challenge focusing on the better production of low MM chitosan with fast degradation time. Microwaveassisted heating treatment (MAHT) with the addition of H 2 O 2 was employed to improve the degradation efficiency of chitosan in this work. In addition, it is necessary and critical to investigate the effect of process variables on DDA and MM of chitosan and their optimisation conditions. The DDA and MM of chitosan are affected by many factors including reaction time, solvent concentration and solid-to-liquid ratio. Therefore, optimising the degradation conditions is critical to improving the reaction rate and reducing the production cost (Nouri et al., 2015) .
In a conventional experimental design, a single treatment factor is usually considered at a time while maintaining other variables consistent, which may lead to unreliable results and inaccurate conclusions because it is unable to detect any interactions among the treatment factors and cannot guarantee the optimal conditions (Montgomery, 2013) . To overcome these limitations, response surface methodology (RSM) considers simultaneously different treatment factors, which may be applied, and can not only reduce the experimental number and identify the significant treatment conditions, but can also be employed to optimise the treatment processes (Bukzem et al., 2016; Krupa et al., 2016) . To optimise process conditions, a statistical method, Box-Behnken design (BBD), is employed to overcome the limitations of classic empirical methods and proves to be a powerful tool for optimising the target value (Kirboga & € Oner, 2017) . BBD, which is well fitted for obtaining a quadratic surface, has been employed to identify and optimise the process variables (Azevedo et al., 2014; Karimian et al., 2016) . The data revealed that the interactions among the factors using BBD can be evaluated using this methodology for the production of low MM chitosan with high DDA (Nouri et al., 2015; Abdel-Gawad et al., 2017) . Thus, the individual and interactive effects between significant factors are investigated in this work.
Therefore, the objectives of this research were 1) to optimise the degradation conditions of chitosan using BBD; 2) analyse the experimental results for obtaining optimised MM and DDA values; 3) compare the structural properties and antibacterial activity of chitosan before and after degradation using Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and turbidimetric and micro-dilution methods, respectively. This study provides a new prospect of obtaining high DDA and low MM of chitosan (as bioactive substances) that can be applied in food, medicine, pharmacy and material fields.
Materials and methods

Materials
Shrimp shell powders (SSPs) used in this work were described in our previous studies (Zhang et al., 2012 (Zhang et al., , 2014 . Hydrogen peroxide, hydrochloric acid, sodium hydroxide and all other chemicals were analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd, China. Microwave oven was purchased from local supermarket (2450 MHz and 650 W; Guangdong Galanz Microwave Oven Electrical Appliances Manufacturing Co., Guangzhou, China). Teflon cups were purchased from Fuxin Ruifu Anti-Corrosion Sealing Products Company Limited. Distilled water is used throughout study.
Preparation of high MM chitosan
Chitin extracted from shrimp shell powders was dissolved in 5 N HCl and stirred (600 rpm) for 1 h at room temperature. The sediment was repeatedly washed with distilled water until pH reached neutral. The demineralised samples were then deproteinised using 40% NaOH at 100°C for 30 min. The deproteinisation process was repeated again if necessary. The prepared chitin was employed for deacetylation by treating with 40% NaOH at 95°C for 1.5 h (Allwin et al., 2015) . The DDA and MM of prepared chitosan reached 52.14% and 8712.25 kDa.
Experimental design
BBD is an effective statistical technique for process variable optimisation, allowing to reduce the number of experiments for providing statistically satisfactory results (Maran et al., 2013; Kaushik et al., 2016) . To allow the estimation of pure error, the experimental design consisted of 17 runs with five centre points that enabled the calculations of the response value at intermediate levels, and allows estimation of the system performance at any experimental point within the studied range (Maran et al., 2013) .
Experiments included three factors at three levels, and each independent variable was coded at three levels between À1, 0 and +1 (as shown in Table S1 ). The three individual factors and their levels, including MH time (30-120 s), H 2 O 2 concentration (1-3%) and solid-to-liquid ratio (1:30-1:50), were designed using BBD. The responses including DDA and MM were well suited for accommodating a quadratic surface for the process optimisation.
The quality of the model was expressed and evaluated by the coefficient of determination (R 2 ), adjusted-R 2 (R 2 , adj) and predicted-R 2 (R 2 , pred) (Maran et al., 2013) . All BBD runs were performed in duplicates, and the second-order polynomial model given in eqn (1) was fitted to each response (Shi et al., 2014; Zhang et al., 2016b) .
where Y is the response function; a 0 , a 1 , a 2 , a 3 , a 11 , a 22 , a 33 , a 12 , a 13 and a 23 are coefficients; X 1 is MH time; X 2 is H 2 O 2 concentration; X 3 is solid-to-liquid ratio.
Process variables optimisation and model validation
Numerical optimisation technique was applied to results of BBD experiment for obtaining optimal combination of process variables (MH time, H 2 O 2 concentration, solid-to-liquid ratio). The overall desirability (D) was obtained by combining the individual desirability values (d i ). The general approach of desirability function is to transform the response into a dimensionless individual desirability function (d i ), varying from 0 to 1 (lowest to highest individual desirability). This technique was employed to maximise (for DDA) and minimise (for MM) the overall desirability function, calculated according to eqn (2) (Maran et al., 2013) .
where d n is the desirability index for nth response and r n is its relative importance with value ranging from 1 to n.
To verify the validity of the estimated model equation, triplicate experiments were performed under the optimal conditions as predicted by the model. The obtained value of the experiments was compared with the predicted values of the model to find out the adequacy and fitness of the model (Abdel-Gawad et al., 2017) .
Measurement of the DDA and MM of chitosan
The DDA of chitosan was measured by a colloidal titration method (Ying et al., 2011; Zhang et al., 2014) . A 20 mg sample of chitosan before and after degradation was dissolved in 10 mL of 5% (v/v) acetic acid solution, diluted with 40 mL of distilled water and then transferred into a flask by adding one drop of 1% toluidine blue indicator. The mixture was titrated by a potassium polyvinyl sulphate (PPVS), and the amount of PPVS used to change the solution colour from blue to violet was recorded.
where X is the weight of N-acetyl-D-glucosamine residue, g; F is the factor of 1/400 PPVS; V is the volume of consumed PPVS, mL; Y is the weight of N-acetyl-D-glucosamine residue; 161 in eqn (3) and 203 in eqn (4) are the MM of D-glucosamine and N-acetyl-D-glucosamine (2-acetamido-2-deoxy-D-glucose), respectively.
Chitosan samples before and after degradation were dissolved in a solvent of 0.1 M HOAc and 0.2 M NaCl. The viscosity of samples (7 mL) in four different concentrations (0.001, 0.004, 0.007 and 0.010 g mL À1 ) was measured by flowing through a capillary in a CannonFenske capillary viscometer (model 9721-B53, USA) at 25°C, and each sample was measured twice. The MM of chitosan was measured by Mark-Houwink-Sakurada (MHS) (Jung & Zhao, 2011) :
where K and a are the constants, K = 1.81 9 10 3 , a = 0.93, and [g] is the intrinsic viscosity obtained from the Huggins and Kraemer plots (Jung & Zhao, 2011) .
FT-IR and XRD analysis
A Nexus 6700 FT-IR (ThermoFisher Co., Boston, MA, USA) was employed to record infrared spectra of samples between 4000 and 500 cm À1 . All samples were recorded three times.
For XRD analysis, samples were accurately weighed and analysed between 2 h = 5 o and 55 o with step ncrement 2h = 0.02 o in a D8 Advance XRD (BRU-KER-AXS Co., Germany) (Zhang et al., 2014) . The crystallinity index (CrIpeak) was calculated as (Ghorbel-Bellaaj et al., 2011)
where I 110 is the maximum intensity (arbitrary unit) of the (110) lattice diffraction pattern at 2h = 20 o and Iam is the intensity of amorphous diffraction in the same unit at 2h = 16 o .
Antibacterial activity
Antibacterial activity of low and high MM chitosan against Escherichia coli, Listeria monocytogenes, Staphylococcus aureus and Salmonella Typhimurium (American Type Culture Collection, Bethesda, MD, USA) was measured using minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) method (Qi et al., 2004) . The pH of all sample solutions was adjusted to 4.5 using 0.25% acetic acid (Zhang et al., 2016a) . For the first tube, 5.0 mL of sample solution (1 mg mL À1 ) was added. Then, 5.0 mL of the mixture from the first tube was transferred to the second tube after mixing, and similar transformation was repeated five times. Hence, each tube contained a test sample solution with half the concentration of the previous one. The tubes were inoculated (Lab-Line Orbit shaker bath model 3527, Melrose Park, IL, USA) with 50 lL of freshly prepared bacteria suspension at 35°C for 24 h to subsequently evaluate the MIC under aseptic conditions. MBC is defined as the concentration producing a 99.9% reduction in colony number in the initial inoculum by assaying the live organisms in those tubes from the MIC test that showed no growth.
Data analysis
BBD and data analysis including ANOVA, regression/estimation of response surfaces, diagnostics of residuals and plots, and optimisation were carried out using Design Expert software 7.1.6 (Stat-Ease Corporation, Minneapolis, MN, USA). The regression coefficients of linear, quadratic and their interaction involved in the model and their effects were generated by ANOVA, and the significance was checked by the F-test at probability levels (P < 0.05). Response surface plots were generated from the regression models to visualise the relationships between the responses and the independent variables and to determine the optimum conditions.
Results and discussion
Reduction in MM of chitosan and their combined effect
In Figure S1 , it is obvious that in the degradation with a combination of MAHT and H 2 O 2 treatment, the rate of decrease in MM of chitosan is much higher than that in the degradation with MAHT or H 2 O 2 treatment alone. The results showed that the combined effect could enhance the degradation reaction of chitosan. The H 2 O 2 treatment used alone has higher degradation efficacy on MM of chitosan than MAHT within 120 s. Chitosan degradation by the combination of MAHT with the H 2 O 2 treatment was proposed to be due to mechanical effects along with HO˙attack on the b-D-(1?4)-glucoside linkages of glucosamine units (Huang et al., 2007) . It is concluded that the mechanisms of chitosan degradation using MAHT with and without H 2 O 2 are entirely different. A combined effect was found on the degradation because the active oxygen atoms, as super powerful oxidising species, were formed under MAHT and destroyed carbonyl or carboxyl groups of high MM chitosan (Kang et al., 2007) . Hence, the MAHT with the addition of H 2 O 2 on chitosan degradation could reduce its molecular weight very effectively.
BBD model
The DDA and MM of chitosan are two of the most important and valuable factors to affect its solubility, bioactivity and biodegradability (Hattori & Ishihara, 2015) . To investigate the interactive effect of relevant process variables (MH time, H 2 O 2 concentration and solid-to-liquid ratio) on the DDA and MM of chitosan, experimental and predicted values are shown in Table S1 . The DDA and MM of chitosan were ranged from 71.26 to 88.18% and 310.46 to 936.46 kDa, respectively. The highest DDA and lowest MM of chitosan were 88.18% and 310.46 kDa, respectively.
As shown in Figure S2 , the results showed excellent correlation between observed and predicted values. The value of the coefficient of determination (R 2 ) for DDA and MM of chitosan was 0.9591 and 0.9161, respectively, and the model shown explains 95.91% and 91.61% of total variation in the response design, indicating the accuracy of fit of the regression model. The experimental values were found to be reasonably close to the predicted ones, confirming the validity and adequacy of the predicted models.
was evaluated by their corresponding P-values (Tables  S2 and S3 ). The results showed that the second-order polynomial model was statistically significant (P < 0.0001) and suitable to describe the degradation reaction of chitosan. Appropriateness of fit of the selected model to the experimental data was assessed through the lack of fit test provided by ANOVA. This test measures the failure of the model to represent data in the experimental domain at points, which are not included in the regression. It is desired to be nonsignificant 'lack of fit' test to signify the model. In this study, the P-value of 'lack of fit' was 0.3730 and 0.4012 for predicting the DDA and MM of chitosan, respectively, which indicates that 'lack of fit' was insignificant relative to the pure error.
From the analysis of model equation coefficient significance (Tables S2 and S3 ), the MH time (X 1 ), H 2 O 2 concentration (X 2 ) and solid-to-liquid ratio (X 3 ), all have significant effects on the DDA and MM of chitosan (P < 0.001). In addition, the interaction terms (X 1 X 2 , X 2 X 3 and X 1 X 3 ) all had no significant effect on DDA of chitosan. In contrast, the interaction terms (X 1 X 2 ) had significant effects on MM of chitosan, but the interaction terms (X 1 X 3 and X 2 X 3 ) had no significant contribution to changes in MM of chitosan. The quadratic terms (X 2 1 , X 2 2 and X 2 3 ) all had significant effects on DDA and MM of chitosan. These results showed that the effects of the various factors assessed on DDA and MM of chitosan were not a simple linear relationship. To evaluate the appropriateness of the fit of the selected models, different descriptive statistical analysis, such as determination coefficient (R 2 ), adjusted R 2 (R 2 adj) and predicted-R 2 (R 2 pred), was used (Tables S2 and S3 For the ANOVA analysis of obtaining highest DDA of chitosan (Table S2) , the results showed that the model F-value was 33.39, indicating that the models were significant with low probability values (P < 0.0001). The coefficients of the regression equation were calculated, and the values were fitted to a second-order polynomial equation. All process variables were fitted to the second-order quadratic model as shown in eqn (8):
For the ANOVA analysis of obtaining lowest MM of chitosan (Table S3) , the model F-value for MM of chitosan using BBD was evaluated as 54.30, indicating that the models were significant with low probability values (P < 0.0001). All designed experiments and results are depicted to develop response surface models using BBD. The response and variables were correlated by following the second-order polynomial quadratic equation in eqn (9) 
Effect of process variables on the MM and DDA of chitosan In this work, three factors at three levels BBD was employed to investigate the effect of process factors including MH time, H 2 O 2 concentration and solid-toliquid ratio on the DDA and MM of chitosan. The three-dimensional (3D) response surface and contour plots were constructed to investigate the main, interactive effects of independent variables on response variables. The figures are drawn by fixing one factor constant (in turn at its central level) while varying the other two factors. The interaction terms between X 1 and X 2 (at X 3 : 1:30 of solid-to-liquid ratio) revealed that maximum DDA and minimum MM of chitosan are observed in Fig. 1a,d . It revealed that the DDA of chitosan decreased and its MM increased with the longer MH time and higher H 2 O 2 concentration. However, when H 2 O 2 concentration was higher than 1.5% and MH time was more than 75 min, the DDA increased and MM decreased significantly, indicating the interactive effect of MH time and H 2 O 2 concentration on the DDA and MM of chitosan (Fig. 1d) . These patterns might result from b-D-(1?4)-glycosidic bonds being broken to short glycosidic bonds chains under long MH time so that the probability of the effective collision between chitosan and free radicals produced by H 2 O 2 is enhanced (Li et al., 2010) . Overview of degradation method for chitosan, both found in the literature and the present study (as shown in Table S4 ). Nouri et al., 2015 used microwave power (300, 600 and 900 W), concentration of alkaline (30, 40 and 50%) and irradiation time (20, 100 and 180 S). They concluded that the DDA (89.34%) and MM (807 kDa) were achieved at 50% NaOH solution, 720-W microwave power and 20-S reaction time.
Therefore, MH treatment on chitosan in the presence of H 2 O 2 could effectively reduce the MM of chitosan as found by the previous report (Ajavakom et al., 2012) , indicating MH time and H 2 O 2 treatment had an interactive effect on DDA and MM of chitosan.
By fixing the H 2 O 2 concentration at 2%, the effect of MH time and solid-to-liquid ratio on the DDA and MM of chitosan at 2% H 2 O 2 concentration is presented in Fig. 1b ,e. The DDA of chitosan reduced at first with increasing MH time, but the DDA increased when MH time was more than 97.5 s, which is caused by the fact that MH treatment can speed up and reduce the energy consumption to produce low MM of chitosan (Guan et al., 2011; Nouri et al., 2015) . The maximal DDA reached 88.18% with MM of 310.46 kDa was obtained at 120 s MH time and 1:50 solid-to-liquid ratio, while fixing 2% H 2 O 2 concentration in the experimental run 2. The effect of MH time and solid-to-liquid ratio on DDA of chitosan has an opposite pattern to that of MM of chitosan, indicating MH time played a significant effect on the degradation of chitosan. The DDA of chitosan decreased at first and then slightly increased when solid-to-liquid ratio was more than 1:45. Therefore, their combined effect on DDA and MM of chitosan was greater than that used alone. Figure 1c ,f shows the response surface and contour plot, which shows the effects of H 2 O 2 concentration, solid-to-liquid ratio and their mutual interaction on the DDA and MM of chitosan at 75 s of MH time. The MM of chitosan gradually reduced with the increasing H 2 O 2 concentration, but the MM of chitosan increased with increasing solid-to-liquid ratio, which was mainly due to more chitosan affected its degradation efficiency. The minimal MM of chitosan reached 310.46 kDa with DDA of 76.20% at 1% H 2 O 2 concentration and 1:50 solid-to-liquid ratio, while fixing 75 s of MH time in the experimental run 14. However, their combined effect on DDA and MM of chitosan was greater than that when used alone, with the DDA of 80% and MM of 283 kDa, respectively. The mechanisms of microwave irradiation were that the split of glycoside bonds and chain length of chitosan were downsized by microwave radiation, which led to dismissal of acetyl groups thus increasing the number of NH 2 groups in fragment structure, which caused an increase in DDA% and MM reduction (El-Nesr et al., 2013; Sauperl & Volmajer-Valh, 2013) .
Yields analysis
The yields of low MM chitosan after the different runs are shown in Table S1 . The yields of chitosan ranged from 30.28 to 64.28%, respectively. The lowest yields of chitosan reached 30.28% at experimental run 14, which is consistent to MM of chitosan. The higher the MM was, the lower the yield of chitosan was. The results also showed that H 2 O 2 concentration and MH time had significant effect on the yields of chitosan, indicating the occurrence of combined effect between them. Therefore, the MAHT with the addition of H 2 O 2 not only had shorter reaction time but also obtained a higher DDA and lower MM.
FT-IR and XRD analysis
Under the optimal conditions, the differences in the FT-IR spectra for chitosan before and after degradation are illustrated in Figure S3a , which shows the characteristic absorption bands of polysaccharide structure around 1298 cm À1 (-C-C-H and -O-C-H stretching), 1130 cm À1 (-C-O stretching), 1094 cm À1 (-C-O and -C-C stretching of pyranose rings) and 1034 cm À1 (-C-O stretching) (Li et al., 2010; Ying et al., 2011) . After degradation, the intensity of the spectra peaks of chitosan at 2932, 1298 and 1130 cm À1 reduced obviously, suggesting the decrease of -C-O, -CH 3 and -C-O stretching vibrations. These results might indicate the occurrence of the degradation. Moreover, the bands at 1073 and 1033 cm À1 were the skeletal vibration of -C-O stretching, suggesting that the MAHT with the addition of H 2 O 2 broke the b-D-(1? 4)-glucosidic linkages of chitosan with the change of the structure of reducing end residue and formation of -COOH groups (Kang et al., 2007) . The weak band at 1600 cm À1 (amide I) for chitosan before degradation was observed because hydrogen interactions are less accentuated and the hydroxyl groups exist due to removal of acetyl group (Sahu et al., 2009) . In addition, the band at 1339.07 cm À1 for chitosan after degradation corresponds to a -CO-NH deformation and to the -CH 2 group (amide III), due to the deformation of -CO-NH group.
The chitosan before and after degradation is determined from the scattering intensity at two angles, one at 2h = 9-10• and another at 2h = 19-20• ( Figure S3b ). The XRD of chitosan after degradation exhibited narrower peak areas than the chitosan before degradation, confirming the occurrence of degradation. The crystallinity index of chitosan before and after degradation was 95.17 and 79.24%, respectively. The crystallinity index of chitosan before degradation was higher than that of chitosan after degradation, where a lower crystallinity of chitosan (polysaccharides) indicates disruption of intra-and intermolecular hydrogen bonds (Zhang et al., 2014) .
MIC and MBC of low and high MM chitosan
The MIC and MBC of low and high MM chitosan are shown in Table 1 . In general, the antibacterial activity of low and high MM chitosan against gram-negative bacteria was higher than that of gram-positive ones. The MIC of low MM chitosan against E. coli and S. typhimurium reached 0.031 and 0.063 mg mL À1 with MBC of 0.063 and 0.125 mg mL À1 , respectively. These results could be related to the fact that the outer membrane of grampositive bacterium consists of lipopolysaccharides containing phosphate and pyrophosphate groups, rendering the cell surface negatively charged (Moritz & GeszkeMoritz, 2013) . Moreover, all antibacterial activities of low MM chitosan with the DDA of 90.58% were higher than that of high MM with the DDA of 52.14%. A previous study showed that the DDA as well as MM greatly affected the antibacterial activity, and chitosan with higher DDA values showed better antimicrobial activity (Goy & Assis, 2014) .
Optimised process condition and its validation
An optimum condition for the chitosan degradation was determined to obtain a maximum DDA and lowest MM. Simultaneous optimisation of the process values was carried out using Derringer's D(x) function method. This function searches for a combination of factor levels that jointly optimise a set of responses by satisfying the requirements for each response in the BBD. Applying the methodology of the D(x) function, the optimum level of various parameters was obtained (80 s of MH time, 1.5% of H 2 O 2 concentration and 1:40 of solid-to-liquid ratio) with overall desirability value of 0.6832, which reduces the use of oxidant reagent and degradation time under MAHT treatment. Under optimum conditions, the optimised DDA and MM of chitosan were 90.58 AE 2.04% and 124.25 AE 14.36 kDa, respectively. The results obtained through subsequent experiments are in agreement with the predicted values from optimisation analysis using desirability functions indicating the adequacy of the developed quadratic models (Abdel-Gawad et al., 2017) . Therefore, the superiority of established degradation method is low cost, and more stable and takes less time as compared to the conventional chemical degradation method.
Conclusions
In this work, BBD was successfully employed to optimise and study the individual, interactive effect of process variables on DDA and MM of chitosan. ANOVA results showed the significantly good fit of the model estimated. The results indicated that all process variables had significant effects, alone or interacting on the DDA and MM of chitosan. Moreover, the experimental value is in agreement with the predicted values by the second-order polynomial regression model obtained. Based on the model, the highest DDA and lowest MM of chitosan were estimated at 90.58 AE 2.04% and 124.25 AE 14.36 kDa, respectively, for optimal conditions: 80 s of MH time, 1.5% of H 2 O 2 concentration and 1:40 of solid-to-liquid ratio. The antibacterial activity of low MM chitosan was higher than that of high MM. Further experiments should be undertaken to elucidate the interactive effect of MH time and H 2 O 2 concentration on chitosan degradation. This study may provide useful tools to develop economical and efficient processes for industrial production of low MM of chitosan with high DDA. Figure S1 . Reduction of molecular mass (MM) as a function of the reaction time chitosan solutions containing 0.5% chitosan in 1% acetic acid after 120 s degradation via either microwave-assisted heating treatment with and without H 2 O 2 treatment at a 1.5% H 2 O 2 concentration and 1:40 solid-to-liquid ratio. Figure S2 . Relationships between observed and predicted values for the degree of deacetylation (DDA, a) and molecular mass (MM, b) of chitosan. Figure S3 . FT-IR (a) and XRD (b) analysis of chitosan before and after degradation under the optimal conditions (80 s of MH time, 1.5% of H 2 O 2 concentration and 1:40 of solid-to-liquid ratio). Copyright Elsevier and reproduced with permission (Zhang, Yun, Song, Zhang & Zhao, 2016c) . Table S1 . Coded and actual Box-Behnken design (BBD) with observed and predicted values. Table S2 . ANOVA analysis of the regression model for predicting degree of deacetylation (DDA) of chitosan. Table S3 . ANOVA analysis of the regression model for predicting the molecular mass (MM) of chitosan. Table S4 . Overview of degradation method for chitosan, both found in the literature and the present study.
